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Abstract 

We  characterized  direct  liquid  fuel  cells  by  electrochemical  impedance  spectroscopy  (EIS)  combined  with  reversible  hydrogen  electrode  (RHE) 
under  fuel  cell  operating  conditions.  EIS  has  been  successfully  implemented  as  an  in-situ  diagnostic  tool  using  an  impedance  setup  with  RHE, 
capable  of  singling  out  individual  contributions  to  the  overall  polarization  of  fuel  cells  and  separating  the  anode  and  cathode  contributions.  While 
a  direct  methanol  fuel  cell  (DMFC)  anode  was  subject  to  substantial  poisoning  by  reaction  intermediates  due  to  better  accessibility  of  methanol  to 
catalyst  surface  regardless  of  anode  diffusion  media,  a  direct  formic  acid  fuel  cell  (DFAFC)  anode  suffered  from  significant  mass  transfer  limitation 
depending  on  the  anode  diffusion  media  property  and  formic  acid  concentration.  The  high  frequency  resistance  of  a  DFAFC  cathode  increased 
linearly  with  an  increase  of  formic  acid  concentration  by  membrane  dehydration  effect.  Interestingly,  on  both  the  DMFC  and  DFAFC  cathodes, 
decrease  in  the  mixed  charge  transfer  resistance  with  an  increase  of  fuel  crossover  was  observed  together  with  a  drop  in  the  cathode  potential. 

©  2008  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

The  practical  use  of  direct  liquid  fuel  cells  (DLFCs),  given 
their  relatively  simple  system  design  and  cell  operation  [1-12], 
is  expected  as  a  promising  candidate  for  portable  energy  sources. 
However,  many  obstacles  such  as  the  low  electrocatalytic  activ¬ 
ity  of  liquid  fuel,  low  fuel  efficiency  due  to  fuel  crossover,  and 
questionable  long-term  durability  still  prevent  their  widespread 
commercial  application. 

In  order  to  extend  the  practical  application  of  DLFCs  and 
facilitate  their  penetration  into  the  market,  it  is  also  desirable  to 
increase  the  number  of  liquid  fuels  that  can  be  employed  in  these 
devices.  Until  now,  the  most  promising  one  was  methanol  and 
formic  acid  owing  to  its  high  energy  density.  However,  despite 
of  significant  progress  in  the  fundamental  DLFC  research,  there 
has  a  growing  need  for  new  and  powerful  diagnostic  tools,  capa¬ 
ble  of  providing  more  useful  information  on  the  performance, 
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particularly  the  identification  of  performance  issue  of  their 
individual  components  such  as  anode,  polymer  electrolyte,  and 
cathode. 

So  far,  diagnostic  tools  of  DLFCs  are  practically  limited  to  the 
use  of  various  dc  electrochemical  techniques.  These  techniques 
can  provide  only  the  sum  of  various  cell  polarizations,  which 
is  difficult  to  break  down  into  individual  polarization  contri¬ 
butions.  Contrary  to  dc  techniques,  electrochemical  impedance 
spectroscopy  (EIS)  has  long  been  used  to  probe  the  interfacial 
process  and  species  in  electrochemical  systems.  Specifically, 
it  has  proved  to  be  very  useful  in  distinguishing  processes 
with  different  time  constants,  and  with  this  method  it  might  be 
possible  to  separate  different  elementary  steps  of  the  reaction 
[13,14].  Although  several  studies  have  used  EIS  to  investigate 
the  methanol  oxidation  in  a  direct  methanol  fuel  cell  (DMFC) 
[15-19],  there  have  been  few  reports  focusing  on  formic  acid  oxi¬ 
dation  in  a  direct  formic  acid  fuel  cell  (DFAFC)  to  our  knowledge 
[5].  EIS  analysis  of  electrochemical  process  in  real  electrode 
environment  is  very  important  not  only  to  have  a  clearer  under¬ 
standing  of  the  reaction,  but  also  to  avoid  artifact  arising  from 
other  components  or  environments. 


S.  Uhm  et  al.  /  Journal  of  Power  Sources  178  (2008)  34^43 


35 


Furthermore,  it  is  necessary  to  measure  the  individual  elec¬ 
trode  potentials  and  impedance  spectra  in  order  to  understand 
the  distribution  of  the  voltage  losses  and  polarization  contri¬ 
butions  of  individual  electrode.  Until  now,  several  attempts 
have  been  made  to  investigate  these  electrode  effects  sepa¬ 
rately  by  introducing  a  reference  electrode.  However,  due  to  the 
constraints  of  the  cell  construction  and  the  requirement  of  phys¬ 
ical  contact  with  the  electrolyte,  it  is  rather  difficult  to  place 
a  reference  electrode  in  the  cell.  Instead,  dynamic  hydrogen 
counter/pseudo-reference  electrode  is  commonly  used  as  the  ref¬ 
erence  electrode  [15,19-21].  For  example,  cathode  impedance 
in  DMFC  can  be  obtained  by  subtracting  anode  impedance 
from  full-cell  impedance.  Dynamic  hydrogen  electrode  (DHE) 
is  another  kind  of  reference  electrode  used  for  fuel  cells.  It  uses 
the  potential  of  the  hydrogen  evolution  reaction  (HER)  [22], 
and  although  the  potential  of  the  DHE  contains  a  slight  over¬ 
voltage  caused  by  the  reaction,  it  is  hardly  influenced  by  the 
environment  such  as  some  organic  impurities.  Therefore,  it  has 
been  used  for  DMFC  studies  [23-27].  However,  construction 
of  the  DHE  is  complicated  due  to  geometric  restriction  and 
high  contact  resistance.  For  PEMFCs,  a  reversible  hydrogen 
electrode  (RHE)  is  generally  used  as  the  reference  electrode 
[28,29].  Pure  hydrogen  gas  is  usually  supplied  to  a  separated 
channel  for  a  reference  electrode  to  avoid  possible  poisoning  by 
impurity  when  a  reformate  is  used  as  a  fuel.  Recently,  several 
groups  have  evaluated  the  DMFC  cathode  with  RHE  configura¬ 
tion  [30,31]. 


s 

.55 

c 

oj 

O 

□l 


0.9- 
0.8- 
0.7- 
0.6- 
0.5- 
0.4- 
0.3- 

0.2  -I - T - T - T - 1 - T - , - T - 

0  250  500  750  1000 


-Cathode 

•Anode 

•Cell 


Time  (min) 


Fig.  1.  Potential  variation  of  individual  electrode  with  function  of  time  at  OCV 
conditions.  Cell  temperature  is  60  °C  and  0.5  M  methanol  and  air  into  anode  and 
cathode,  respectively. 


In  this  study,  we  have  performed  a  detailed  analysis  of  direct 
liquid  fuel  cells  by  electrochemical  impedance  spectroscopy 
along  with  reversible  hydrogen  electrode  under  fuel  cell  operat¬ 
ing  conditions.  We  focused  on  formic  acid  rather  than  methanol 
since  it  has  very  different  physical  property  as  well  as  concen¬ 
tration  dependence  in  fuel  cell  operation  compared  to  DMFC. 
Additionally,  two  different  kinds  of  anode  diffusion  media  (DM) 
were  evaluated  to  investigate  the  mass  transfer  characteristics  of 
two  different  fuels. 


Fig.  2.  Nyquist  plots  for  a  direct  liquid  fuel  cell  with  (a)  0.5  M  methanol  and  (b)  6M  formic  acid  at  a  current  density  of  100  mA  cm  2.  Cell  temperature  is  60  °C, 
cathode  air  flow  is  200  seem,  and  liquid  fuel  flow  is  5  ml  min-2,  respectively. 
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2.  Experimental 

For  a  direct  liquid  fuel  cell  anode  evaluation,  two  types  of 
diffusion  media  were  used;  SGL  35  A  A  (plain  carbon  paper)  and 
SGL  25BC  (microporous  layer  (MPL)  coated  hydrophobized 
carbon  paper  with  5%  PTFE).  On  the  cathode  side,  SGL  25BC 
was  applied  for  membrane  electrode  assembly  (ME A)  testing. 
All  carbon  papers  were  used  as  received. 

The  membrane  electrode  assemblies  were  prepared  as 
follows:  the  anode  was  Pt-Ru  black  (Johnson  Matthey, 
3.0  mg  cm-2)  mixed  with  10wt.%  Nation  solution.  The  cath¬ 
ode  was  constructed  in  a  similar  way  to  that  of  the  anode  with 
Pt  black  (Johnson  Matthey,  3.0  mg  cm-2).  The  electrodes  were 
placed  on  either  side  of  a  pretreated  Nation  115  membrane. 
The  assembly  was  hot-pressed  at  lOOkgfcm-2  for  5  min  at 
140  °C.  The  resulting  ME  A,  with  an  electrode  area  of  10  cm2, 
was  sandwiched  between  two  graphite  blocks  having  serpentine 
flow  path  channels.  In  addition  to  the  usual  fuel  cell  hardware, 
reversible  hydrogen  electrode  was  installed  as  a  reference  elec¬ 
trode  to  resolve  the  anode  and  cathode  performance.  The  RHE 
consists  of  Pt  black  coated  gas  diffusion  electrode  and  Pt  wire 
to  which  humidified  hydrogen  was  supplied  at  10  ml  min-2  and 
0. 1  MPa.  The  Pt  black  coated  gas  diffusion  electrode  is  used 
to  minimize  the  overvoltage  of  reference  electrode  and  contact 
resistance  with  membrane.  The  RHE  is  placed  on  the  cathode 
side  of  an  outer  section  of  the  Nation  membrane  and  the  cen¬ 
tre  of  the  RHE  is  separated  from  the  active  area  of  membrane 
electrode  assembly  by  1  cm.  It  cannot  only  avoid  contact  with 


Current  density  (mA/cm2) 


Current  density  (mA/cm2) 


possible  methanol  or  formic  acid  leakage  but  also  minimize  the 
instability  by  the  changes  in  the  water  activity  in  the  vicinity 
of  the  reference  electrode  caused  by  the  electro-osmotic  drag 
of  water  at  a  high  current  density.  Also,  special  care  should  be 
taken  to  avoid  misalignment  of  anode  and  cathode  leading  to 
uncertainty  of  potential  measurement  [32,33]. 

In  order  to  evaluate  the  stability  of  the  RHE  reference 
electrode  during  operation  of  the  fuel  cell,  its  potential  was  peri¬ 
odically  measured  with  respect  to  the  open  circuit  potential  of 
the  fuel  cell  anode,  which  acts  as  an  another  reversible  hydrogen 
electrode.  The  hydrogen  fuel  cell  was  operated  with  humidified 
H2  on  the  anode  and  air  on  the  cathode.  The  potential  of  the  ref¬ 
erence  electrode  was  recorded  at  open  circuit  potential  as  well 
as  during  polarization  measurements  over  the  entire  range  of 
current  densities.  Only  slight  drift  (within  ±5  mV)  of  the  poten¬ 
tial  of  the  reference  electrode  was  observed  over  entire  current 
densities,  demonstrating  the  good  stability  of  the  reference  elec¬ 
trode  during  fuel  cell  operation.  The  slight  differences  are  likely 
to  be  mainly  due  to  variations  in  the  operation  of  the  fuel  cell 
with  different  MEA  having  small  electrode  misalignment.  The 
stability  of  RHE  can  be  validated  once  more  by  long-term  stabil¬ 
ity  in  Fig.  1.  During  the  normal  DMFC  open  circuit  conditions 
for  1000  min,  any  leakage  of  methanol  and  following  potential 
deviation  due  to  mixed  potential  was  not  observed  except  for 
only  slight  decrease  of  cathode  potential  caused  by  increase  of 
methanol  crossover  rate  with  time. 

The  cell  temperature  was  maintained  at  60  °C  and  liquid  fuel 
(formic  acid  and  methanol)  and  humidified  air  (80%  RH)  were 
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Fig.  3.  Polarization  curves  and  individual  potentials  of  DMFC  with  different  anode  diffusion  media,  (a)  Type  A  MEA  and  (b)  type  B  MEA.  Conditions  as  in  Fig.  2. 
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applied  at  flow  rates  of  5  cc  min-2  and  200  seem,  respectively. 
Conditioning  was  performed  with  0.5  M  methanol  and  200  seem 
humidified  oxygen  at  ambient  pressure.  Current-potential  tran¬ 
sients  were  measured  using  an  electronic  load.  Impedance  spec¬ 
tra  were  measured  using  an  Autolab  PGSTAT30  (Eco  Chemie) 
potentiostat/galvanostat  with  a  frequency  response  analyzer 
(FRA).  The  frequency  range  investigated  ranged  from  10  kHz  to 
100  mHz  with  10  points  per  decade.  The  amplitude  of  the  sinu¬ 
soidal  current  was  adjusted  to  10%  of  the  steady  current  or  lower. 

3.  Results  and  discussion 

3.1.  Stability  of  reversible  hydrogen  electrode 

Fig.  2  shows  nyquist  plots  for  a  direct  liquid  fuel  cell  (a)  with 
0.5  M  methanol  and  (b)  with  6  M  formic  acid  at  a  current  den¬ 


sity  of  100mA  cm-2.  Actually,  the  requirements  of  reference 
electrode  for  impedance  are  less  stringent  than  for  polarization 
measurements,  since  the  anode  and  cathode  impedances  can  be 
separated  as  long  as  the  potential  of  the  reference  potential  is 
not  perturbed  by  the  ac  perturbation.  As  shown  in  Fig.  2,  the 
sum  of  the  individual  anode  and  cathode  impedances  is  in  good 
agreement  with  full-cell  impedance,  providing  good  evidence 
that  the  separation  of  the  impedance  into  anodic  and  cathodic 
components  is  reasonable  and  accurate  except  for  slight  devia¬ 
tion  at  low  frequency  region.  Another  noticeable  feature  of  the 
impedance  is  that  the  high  frequency  resistance  as  well  as  indi¬ 
vidual  charge  transfer  resistance  can  be  separated.  Generally,  it 
can  be  expected  that  the  cathodic  high  frequency  resistance  is 
higher  than  anodic  one  due  to  the  better  hydration  of  the  mem¬ 
brane  on  the  anode  side  by  liquid  fuel  as  shown  in  Fig.  2(a). 
However,  this  becomes  more  complicated  if  the  membrane  is  not 


Fig.  4.  Nyquist  plots  for  a  direct  methanol  fuel  cell  anode  with  an  increase  of  current  density  and  methanol  concentration,  (a)  Type  A  and  (b)  type  B.  Conditions  as 
in  Fig.  2. 
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uniformly  hydrated  or  anode  catalyst  layer  has  contact  problems 
intrinsically  which  may  be  attributed  to  electrical  conduction 
via  an  electrical  double  layer  between  the  catalyst  particle  and 
electrolyte  in  the  catalyst  layer  or  to  electronic  conduction  via 
grain  boundaries  between  the  electronic  supply  and  the  diffusion 
media.  In  case  of  the  latter,  not  only  the  high  frequency  resistance 
increases  slightly  but  also  the  high  frequency  capacitive  loop  can 
be  obtained  in  the  anode  impedance,  which  remains  constant 
with  potential  [34,35].  As  a  consequence,  the  anodic  high  fre¬ 
quency  resistance  becomes  bigger  than  cathodic  one  despite  of 
better  hydration  as  shown  in  Fig.  2(b).  In  this  study,  we  excluded 
the  analysis  of  high  frequency  resistance  with  different  ME  A  and 
anode  diffusion  media  except  for  concentration  dependence  of 
formic  acid. 


3.2.  Direct  methanol  fuel  cells 

The  performance  of  direct  liquid  fuel  cells  is  highly  depen¬ 
dent  on  the  property  of  individual  component  such  as  diffusion 
media  or  polymer  electrolyte,  which  can  dominate  the  transport 
of  reactant(s)  or  product(s). 

Fig.  3  shows  the  polarization  curves  of  direct  methanol  fuel 
cell  with  different  anode  diffusion  media.  Type  A  is  simple  plain 
carbon  paper  based  MEA,  type  B  is  microporous  layer  coated 
hydrophobized  carbon  paper  based  MEA.  As  shown  in  Fig.  3, 
there  is  little  difference  of  performance  and  individual  potential 
variation  between  two  different  anode  diffusion  media.  Only 
conventional  features  with  an  increase  of  methanol  concentra¬ 
tion  were  observed  over  entire  current  densities  except  that  the 
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Fig.  5.  Nyquist  plots  for  a  direct  methanol  fuel  cell  cathode  with  an  increase  of  current  density  and  methanol  concentration,  (a)  Type  A  and  (b)  type  B.  Conditions 
as  in  Fig.  2. 
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individual  potential  of  anode  and  cathode  is  a  little  bit  different 
depending  on  the  accessibility  and  crossover  rate  of  methanol. 

These  results  were  supported  by  impedance  spectra  of  indi¬ 
vidual  electrodes.  As  shown  in  Fig.  4,  the  diameter  of  the 
capacitive  circle  in  the  anode  spectra  slightly  increased  with 
an  increase  of  methanol  concentration  at  low  current  density 
of  50  mA  cm-2  on  both  anode  diffusion  media.  The  associated 
increase  of  charge  transfer  resistance  with  an  increase  of  con¬ 
centration  pronounces  a  small  auto-inhibitive  effect  in  methanol 
oxidation.  Contrary  to  literature  for  methanol  oxidation  on  Pt 
[36],  the  order  of  methanol  oxidation  on  Pt-Ru  is  fraction¬ 
ally  negative  at  low  current  density.  However,  with  an  increase 
of  current  density,  mass  transfer  limitation  becomes  dominant, 
resulting  in  Warburg  behavior  at  low  frequency  region.  Also, 
the  charge  transfer  resistance  on  both  anode  diffusion  media 
becomes  almost  same.  The  reason  why  the  type  B  ME  A  induces 
a  bigger  auto-inhibitive  behavior  is  not  clear  in  this  study,  but 
it  may  be  ascribed  to  the  better  accessibility  of  methanol  to  the 
catalyst  surface  through  the  more  hydrophobic  carbon  paper, 
which  may  cause  an  increased  charge  transfer  resistance  due 
to  increased  poisoning  by  reaction  intermediates.  As  a  conse¬ 
quence,  finding  an  optimal  fuel  concentration  is  very  necessary 
to  not  only  alleviate  anode  poisoning  but  also  reduce  fuel 
crossover,  resulting  in  increasing  the  fuel  efficiency. 

Fig.  5  shows  cathode  impedance  spectra  recorded  in  a  sin¬ 
gle  cell  with  RHE  at  different  current  densities.  Obviously,  the 
type  B  ME  A  shows  the  smaller  charge  transfer  resistance.  It  is 
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largely  due  to  the  reduced  crossover  rate  of  methanol  and  water 
regardless  of  concentration  or  current  density.  However,  such 
a  big  difference  of  impedance  spectra  was  not  reflected  on  the 
performance.  Conversely,  type  A  ME  A  has  slight  higher  appar¬ 
ent  cathode  potential  substantially.  Another  interesting  thing  is 
that  charge  transfer  resistance  decreased  with  an  increase  of 
methanol  crossover  rate  and  an  inductive  behavior  is  apparent  in 
all  cases  similarly  to  the  anode,  which  becomes  less  pronounced 
with  an  increase  of  current  density.  The  plausible  analysis  will 
be  done  in  the  following  section  together  with  a  direct  formic 
acid  fuel  cell  cathode. 

3.3.  Direct  formic  acid  fuel  cells 

Fig.  6  shows  the  polarization  curves  of  direct  formic  acid 
fuel  cell  with  different  anode  diffusion  media.  Unlike  methanol, 
formic  acid  suffers  from  significant  mass  transfer  limitation  with 
hydrophobic  diffusion  media  due  to  its  hygroscopic  property. 
Thus,  1  M  formic  acid  could  not  reach  as  much  as  current  density 
of  50  mA  cm-2  with  type  B  MEA. 

HCOOH  ->  C02  +  2H+  +  2e“  (1) 

CH3OH  +  H20  -*  C02  +  6H+  +  6e“  (2) 

Actually,  the  electrochemical  oxidation  of  formic  acid  (Reac¬ 
tion  (1))  does  not  require  water  unlike  methanol  oxidation 
(Reaction  (2))  according  to  its  reaction  mechanism  although 
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Fig.  6.  Polarization  curves  and  individual  potentials  of  DFAFC  with  different  anode  diffusion  media,  (a)  Type  A  and  (b)  type  B.  Conditions  as  in  Fig.  2. 
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Fig.  7.  Nyquist  plots  for  a  direct  formic  acid  fuel  cell  anode  with  an  increase  of  current  density  and  formic  acid  concentration,  (a)  Type  A  and  (b)  type  B.  Conditions 
as  in  Fig.  2. 


indirect  path,  which  also  requires  water,  is  sometimes  dom¬ 
inant  depending  on  the  catalyst.  Therefore,  plenty  of  water 
surrounding  formic  acid  may  be  able  to  inhibit  the  electrochem¬ 
ical  reaction  on  catalyst  surface,  thus  the  reaction  may  require 
more  high  concentration  of  formic  acid  near  the  catalyst  sur¬ 
face  compared  to  methanol.  It  can  be  identified  by  impedance 
spectra  once  more  as  shown  in  Figs.  7  and  8.  In  case  of  type 
B  MEA  (Fig.  7(b)),  any  data  of  1  M  formic  acid  cannot  be 
obtained  under  galvanostatic  mode.  Even  with  a  6M  formic 
acid  at  higher  current  density,  only  very  scattered,  unusual 
results  were  observed  at  low  frequency  region.  On  the  other 
hand,  in  case  of  type  A  MEA  (Fig.  7(a)),  similar  trend  was 
seen  like  methanol  except  that  mass  transfer  limitation  is  dom¬ 
inant  rather  than  auto-inhibitive  behavior  even  at  low  current 
density. 


Similarly  to  DMFC  cathode,  direct  formic  acid  fuel  cell  cath¬ 
ode  in  type  A  MEA  shows  higher  charge  transfer  resistance  due 
to  higher  crossover  rate.  Another  characteristic  feature  is  that 
the  high  frequency  resistance  is  highly  dependent  on  the  formic 
acid  concentration.  Even  though  such  dependence  is  not  clear 
in  type  B  MEA  whose  crossover  rate  is  not  noticeable,  type  A 
MEA  (Fig.  8(a))  shows  very  obvious  concentration  dependence. 
Namely,  high  frequency  resistance  increases  with  an  increase  of 
formic  acid  concentration.  Fig.  9  shows  the  clear  trends  of  con¬ 
centration  dependence  of  high  frequency  resistance  in  type  A 
MEA  in  Fig.  8(a).  The  high  frequency  resistance  increases  lin¬ 
early  with  respect  to  concentration  of  formic  acid.  This  could 
be  explained  by  hygroscopic  property  of  formic  acid  and  low 
content  of  water  in  the  liquid  fuel  [37-39].  Highly  concentrated 
formic  acid  fed  in  the  anode  may  somewhat  dehydrate  cata- 
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Fig.  8.  Nyquist  plots  for  a  direct  formic  acid  fuel  cell  cathode  with  an  increase  of  current  density  and  formic  acid  concentration,  (a)  Type  A  and  (b)  type  B.  Conditions 
as  in  Fig.  2. 


lyst  layer  as  well  as  membrane  at  mild  temperature  and  hence 
reduce  the  formic  acid  and  water  crossover.  However,  such  a 
dehydration  effect  does  not  significantly  increase  high  frequency 
resistance  in  low  concentration  of  formic  acid.  Thus,  the  high 
frequency  resistance  of  the  type  B  MEA  was  not  influenced  by 
dehydration  effect  due  to  its  low  crossover  rate  through  mem¬ 
brane  as  well  as  anode  catalyst  layer.  Based  on  the  previous 
studies  [40,41],  membrane  dehydration  may  increase  the  prob¬ 
ability  of  degradation  of  membrane/cathode  interface,  resulting 
in  questionable  long-term  durability.  Therefore,  the  longevity  of 
individual  components  as  well  as  the  system  integration  has  to 
be  taken  into  account  at  the  same  time,  since  more  concentrated 
liquid  fuel  is  more  favorable  to  water  management  of  system 
development. 


As  described  in  DMFC  cathode  section,  direct  liquid  fuel 
cell  cathode  shows  inductive  behavior  similarly  to  anode.  Also, 
the  charge  transfer  resistance  decreases  with  an  increase  of 
crossover  rate.  Both  behaviors  become  less  pronounced  with 
an  increase  of  current  density.  To  investigate  a  possibility  that 
oxygen  reduction  reaction  (ORR)  is  responsible  for  the  induc¬ 
tive  behavior  for  the  cathode,  inert  impedance  spectra  with  H2O 
on  the  anode  side  were  recorded  using  the  same  hardware  and 
under  the  same  operating  conditions.  The  spectra  in  Fig.  10(a) 
show  no  inductive  behavior  for  the  cathode  in  the  absence  of 
any  fuel  fed  in  the  anode.  Also  note  that  as  the  current  den¬ 
sity  increases,  the  cathode  spectra  obtained  in  the  presence  of 
formic  acid  on  the  anode  side  (Fig.  10(b))  become  very  sim¬ 
ilar  in  shape  and  magnitude  to  those  recorded  with  H2O  on 
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Fig.  9.  High  frequency  resistance  variation  with  respect  to  formic  acid  concen¬ 
tration  extracted  from  Fig.  8(a). 


the  anode  side.  This  is  in  good  agreement  with  the  fact  that 
at  high  current  density,  most  of  the  formic  acid  is  oxidized  at 
the  anode  catalyst  layer  and  only  a  small  amount  penetrates  to 
cathode. 

Inductive  behavior  of  the  cathode  is  an  indication  that  the 
local  potential  of  the  electrode  is  much  lower  than  the  average 
cathode  potential  ranging  from  0.8  to  0.9  V.  For  this  analysis, 
simple  expression  can  be  derived  by  assuming  that  the  active 
site  of  the  cathode  can  be  divided  into  two  separate  parts,  one 


Fig.  1 1 .  Equivalent  circuit  for  the  impedance  of  DLFC  cathode.  Rct  and  CPE 
are  charge  transfer  resistance  and  constant  phase  element  of  oxygen  reduction 
reaction  and  formic  acid  oxidation,  respectively.  /?ad  is  charge  transfer  resistance 
of  reaction  intermediate.  L  is  inductance. 

for  oxygen  reduction  reaction  and  the  other  for  oxidation  of 
crossover  formic  acid  [19].  The  potential  of  the  latter  part  can 
be  close  to  that  of  an  anode  rather  than  the  cathode.  The  oxygen 
reduction  reaction  in  parallel  with  formic  acid  oxidation  reaction 
can  be  depicted  with  corresponding  equivalent  circuit  in  Fig.  1 1 . 
Also,  the  mixed  charge  transfer  resistance  can  be  expressed 
as  following: 


Rct  (mixed)  = 


1 


tfct(02r'  +  tfct(FA)-1 


(3) 


Fig.  10.  Nyquist  plots  of  the  DLFC  cathode  at  different  current  densities,  (a) 
H20-air  mode,  (b)  DFAFC  mode  with  type  A  MEA,  and  3M  formic  acid. 
Conditions  as  in  Fig.  2. 


According  to  the  above  equation,  in  order  for  the  ORR 
kinetics  to  dominate  the  Rct (mixed)  value,  Rct(FA)  must  be  sig¬ 
nificantly  larger  than  Rct(02).  This  indicates  that  the  potential 
of  the  formic  acid  oxidation  part  of  the  cathode  must  be  much 
lower  than  the  average  cathode  potential,  perhaps  as  low  as 
that  of  the  anode.  Theoretically,  Rct(FA)  can  be  significantly 
larger  than  Rct(02)  at  such  low  potentials.  Also,  in  order  for  the 
mixed  charge  transfer  resistance  to  decrease  with  an  increase  of 
crossover  rate  of  formic  acid,  smaller  one  has  to  decrease  and 
bigger  one  has  to  increase  based  on  this  equation.  This  can  be 
also  explained  by  the  assumption  that  surface  oxygen  species 
such  as  Pt-OH  can  be  reduced  by  crossover  formic  acid  [26]. 
Thus,  the  freshly  reduced  surface  can  provide  free  active  surface 
area  for  ORR,  consequently,  reduce  charge  transfer  resistance 
for  oxygen  reduction  reaction  to  some  extend  depending  on  the 
total  active  sites  available.  In  this  study,  since  the  relatively  high 
metal  loading  of  3  mg  cm-2  was  used  for  a  cathode,  such  an 
inversely  proportional  trend  of  charge  transfer  resistance  with 
respect  to  crossover  rate  seems  to  be  much  clearer. 

4.  Conclusions 

Direct  liquid  fuel  cells  were  investigated  by  electrochemi¬ 
cal  impedance  spectroscopy  combined  with  reversible  hydrogen 
electrode  under  fuel  cell  operating  conditions.  This  powerful 
diagnostic  tool  can  provide  more  comprehensive  information 
of  individual  contribution  to  cell  performance  or  transfer  phe¬ 
nomena.  In  other  words,  the  combination  of  an  EIS  with  a 
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RHE  cannot  only  single  out  individual  polarization  contribu¬ 
tions  but  also  separate  the  anode  and  cathode  contributions  at 
the  same  time.  Unlike  DMFCs,  DFAFCs  suffer  from  signifi¬ 
cant  mass  transfer  limitations  depending  on  the  anode  diffusion 
media  property  and  formic  acid  concentration.  Furthermore, 
the  high  frequency  resistance  of  DFAFC  cathode  increases 
with  an  increase  of  formic  acid  concentration  by  dehydration 
effect  due  to  its  hygroscopic  property.  On  both  the  DMFC 
and  DFAFC  cathodes,  decrease  in  the  charge  transfer  resis¬ 
tance  with  an  increase  of  fuel  crossover  was  observed  together 
with  a  drop  in  the  cathode  potential.  Based  on  the  experimental 
observation,  optimal  selection  of  materials  and  operating  con¬ 
ditions  is  necessary  in  view  of  fuel  efficiency  and  long-term 
durability. 
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